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Abstract
The Ryoke granite at Mt.Takamiyama was deformed in Late Cretaceous times, before the intrusion
of the Tertiary Takamiyama acidic rock. Deformed quartz grains of the granite are recrystallized due
to the thermal effect of the acidic intrusion. Microstructural variation of the quartz wa observed with
distance from the intrusive contact. ear the contact « 49 m) recrystallized quartz is commonly observed
which has a polygonal shape with straight or smooth grain boundaries (fractal dimension 1.031). The
microstructures shown by the quartz at an intermediate distance (60-93 m) from the intrusive contact
are characterized by moderately developed recrystallization, such as old (deformed) quartz inclusion
hosted in the recrystallized quartz and coexistence of both types of quartz together. Samples from >143
m are commonly composed only of deformed quartz characterized by sutured to interlobate grain bound-
aries (fractal dimension 1.1 12). It is considered that, near the contact, nucleation and growth process
occurred and developed to complete normal grain growth process, and the intermediate samples preserve
the moderately recrystallized microstructures of quartz. Detailed optical and SEM ob ervations suggest
fluid leaking through channels occurred during around peak conditions resulting in subsequent low den-
sity fluid inclusion formation. Micro- FTIR analysis show some cllaracteristic absorption bands in the
recrystallized quartz, and also indicates loss of fluid through recrystallization. Through this process,
the dominant form of hydrogen-related chemical species (HCS) in the quartz structure has changed from
an aggregate of water molecules to hydrogen- related point defects.
Key-words: static recrystallization, quartz, hydrogen-related chemical species (HCS), Mt.Takamiyama.
Introduction
Recrystall ization of deformed material in vol ves
recovery, nucleation and growth processes. Recovery
of recrystallization at lower temperature is the
rearrangement of dislocations to form tilt-angle grain
boundaries. At higher temperature, extensive nucleation
and growth is dominant. Grain growth is driven by the
difference in free surface energy and stored strain
energy between a deformed host grain and a relatively
strain-free new recrystallized grain, and by grain sur-
face energy of the growing grain. In static recrystal-
lization, which is different from dynamic recrystalliza-
tion, a newly formed recrystallized grain is strain-free
(Hobbs, 1968; Tullis and Yund, 1982).
Some rock-forming minerals contain "water" in the
form of water aggregates as fluid inclusions and bub-
bles, and/or as OH in the mineral structure (e.g., AIOH
etc.) (Paterson, 1989). This "water" is called as "hydro-
gen - related chemical species (hereafter HCS)" which
significantly affects the physical and mechanical prop-
erties of minerals, especially quartz (e.g., Griggs and
Blacic, 1965; Griggs, 1967, 1974; Blacic, 1975;
Kekulawala et aI., 1978). It plays an important role in
deformation, recrystallization, and grain growth of
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Fig. 1 Generalized geologic map of the area around MLTakamiyama. A; Takamiyama acidic rock, B; Ryoke granitic
rocks, C; Sambagawa metamorphic rocks. Dashed line represents interfinger relationship between the granite
and the acidic rock, as deduced from fjeld observations. Solid line represents sampling route (compiled and
partly modified from Ohira, 1982 and Shibata et aI., 1988).
quartz. Hobbs (1968) showed that trace amounts of
water, particularly as OH incorporated into the quartz
structure, is needed for the static recrystallization of the
deformed quartz. However, these issues are still
debated in the field of petrology, mineralogy, and rhe-
ology of the earth's materials as well as in material sci-
ences.
In order to characterize the recrystallization
microstructure of the deformed quartz and to study HCS
in the quartz and its role in recrystallization, the Ryoke
granite at Mt.Takamiyama was chosen. The granite
underwent mylonitization during the Late Cretaceous
and followed annealing due to the intrusion of 12.8 Ma
Takamiyama acidic rock. There are some reports and
studies on the quartz in the granite at Mt. Takamiyama
(Maki, 1992; Niimi et a!., 1995; Shinoda et a!., 1996;
Niimi et a!., 1999) which discussed mainly HCSs in the
quartz. In this study, microstructural features of the
quartz grains, with or without recrystallization, and the
occurrences of the fluid inclusions in the quartz were
investigated by optical observation and Scanning
Electron Microscope (SEM) observation, and by Fractal
dimension analysis. Furthermore, micro-FTIR analysis
was done to investigate the incorporation form of HCS
and its contents in the quartz. Based on these obser-
vation and the result of infrared analysis, and focusing
on the behavior and role of HCS, the recrystallization
processes that occurred in the Takamiyama area are dis-
cussed.
Geologic setting
Mt.Takamiyama is located at the border between
Nara and Mie Prefectures in the central part of Kii
Peninsula, southwest Japan (Fig. 1). The Ryoke granitic
rocks are distributed in the northern part of the study
area, and are in contact with Sambagawa metamorphic
rocks along the Median Tectonic Line (MTL) (Fig. I).
Mt.Takamiyama consists of two types of rocks,
namely, the Ryoke granitic rock and the Takamiyama
acidic rock (Umeda, 1973; Ohira, 1982). The granite
was emplaced at 80-90 Ma and was subsequently
mylonitized at -70 Ma (Shibata et aI., 1988). The
granitic body was intruded by Takamiyama -acidic rocks
at -12.8 Ma (Shibata et a!., 1988).
The granite studied here is a medium - to coarse-
grained adamellite to leucocratic granodiorite, which
shows weak foliation and is occasionally massive. The
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Fig. 2 Photomicrographs of quartz in the granite, showing textural variation with distance from the intru-
si ve contact. a) 9 m from the contact, b) 49 In, c) 65 In, d) 81 m, e) 97 In, f) 102 111, g) 143 m,
h) 228 In. Long side of all photos is 2.4 Inm.
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Fig. 3 Grain size of the recrystallized quartz with distance
from the intrusive contact.
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size is up to 400 ,urn (Fig. 3).
sized recrystallized quartz grains
nearest contact samples.
The deformed quartz grains in the granite far from
the contact show irregular shape, have serrated grain
boundaries (Fig. 2h) and generally show stretched
shape, with undulose extinction with misorientation of
_10° to -20°. Generally, in the deformed quartz grains,
fluid inclusions sized in -I,um to several ,urn with
spherical shapes occur along certain planes which cut
across the grain boundaries and extend to neighboring
grains. These features are a fingerprint type fluid inclu-
sion array, which is a well known as secondary fluid
incl usions or crack - healed type, generally formed dur-
ing deformation.
The granites exposed at intermediate distances from
the intrusive contact are moderately recrystallized and
contain two types of quartz, namely recrystallized quartz
and deformed quartz (Fig. 2c-f). Some very interest-
ing microscopic features were observed in the samples
at distances of 65 and 70 m. Occurrence of fluid inclu-
sions in these sample is different from samples both near
and away from the contact. In Fig. 4a, a planer array
of small inclusions in micron - meter size is observed
within a near-circular shape area of -80,um in diame-
ter. This small inclusion array is very similar in appear-
ance to that observed in the deformed quartz. This por-
tion, outlined by clear boundaries, has extinction in
different position from that of the hosted quartz. Such
microstructure was not observed in the samples near the
contact. This microstructure is similar in appearance to
the "implosion halo" which has been experimentally
observed: fluid inclusions re-equilibrated under condi-
Microstructural features of quartz in the granite
granite consists mainly of plagioclase, quartz, K-
feldspar, biotite and opaques, with accessory horn-
blende, zircon, tourmaline, allanite and rutile (Ohira,
1982). The Takamiyama -acidic rock is classified as a
quartz porphyry (Umeda, 1973) or granite-porphyry
(Shibata et a1., 1988), and consists mainly of phe-
nocrysts of K -feldspar, quartz, plagioclase and biotite
in a matrix of K -feldspar, quartz, plagioclase, biotite
and opaque minerals.
In the study area, except for the area around the
Takamiyama acidic rocks, intensity of the mylonitiza-
tion increases towards the MTL, and the dynamically
recrystallized grain size decreases systematically
towards the MTL (Hara et a!., 1980; Ohira, 1982). The
shear zone near the MTL in the Ryoke metamorphic belt
is divided into three subzones running parallel to the
MTL in the study area with respect to size of dynami-
cally recrystallized quartz grains: strongly mylonitized
zone, transitional subzone, and marginal subzone (Hara
et aI., 1980).
The followings are assumed in this study. First, as
the sampling route is almost parallel to MTL, the gran-
ite samples are considered to have almost the same
degree of deformation as in its initial state. Second, the
thermal effect due to the intrusion of the acidic rocks
depends only on the distance from the intrusive contact.
Based on these assumptions, samples were systemati-
cally collected along the ridge route through the top of
Mt. Takamiyama (Fig. I). This route is perpendicular
to the western edge of the intrusion where an interfin-
gering relationship between the granite and the
Takamiyama acidic rock is observed, approximately east
to west extension, and almost parallel to the MTL, only
changing distances from the intrusive contact. The sam-
pling route traverse is about 230 m long along the ridge
route.
Microstructural features of quartz in the granite
varies systematically wi th the distance from the intru-
sive contact along the sampling route (Fig. 2a - h). The
distinction between deformed quartz and recrystallized
quartz is made by the criteria both of grain boundary
shape and mode of extinction, i.e., undulose or flash.
Quartz grains near the intrusive contact are com-
pletely recrystallized. Within -29 m the recrystallized
quartz grain is polygonal, and is characterized by
smooth or straight grain boundaries, and always shows
flash extinction, frequently in contact with neighboring
grains by triple junctions (Fig. 2a, b). Maximum grain
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Table 1 Summary of microstructural feature of the quartz in the Takamiyama
granite.
Distance from contact (m) Volume ratio Grain boundary shape Size distribution
0 all Rc t to Curv (TJ) Eq to [neq
9.0 all Rc St to Curv (TJ) Eq to [neq
18.6 all Rc t to Curv (TJ) Eq to [neg
29.0 all Rc St to Curv (TJ) Eq to [neq
37.4 all Rc St to Curv Eq to [neq
41.3 Rc (rare Dfm) St to Curv Eq to Ineq
49.6 Rc (rare Dfm) St to Curv Eq to Ineq
52.0 Rc (rare Dfm) urv to Jnt Eq to Jneq
56.3 Rc (rare Dfm) urv to [nt Eq to Ineq
60.5 Rc» Dfm Curv to [nt Ineq
65.0 Rc» Dfm Curv to lnt Ineq
69.6 Rc> Ofm Curv to Int Ineq
73.8 Rc =Dfm Curv to Int Ineq
79.0 Rc == Dfm Curv to Jnt Ineq
81.5 Rc =Dfm Curv to lnt Ineq
86.5 Rc =Dfm urv to Int Ineq
93.0 Rc =Ofm urv to tnt [neq
97.0 Dfm> Rc Curv to Sut [neq
102.6 Dfm > Rc Int to Sut [neq
130.0 Dfm > Rc [nt [neq
143.0 almost Ofm Sut [neq
176.0 all Dfm Sut Eq to Ineq
202.0 allOfm Sut Eq
228.0 all Dfm Sut Eq
Rc: recrystallized quartz, Dfm: deformed quartz, TJ: equilibrium triple juncti n, t: straight, Curv: curve
[nt: interlobate, Sut: suture, Eq: equigranular, [neq: inequigranular
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tion of internal llnderpres ure (less than confining pre -
sure) show numerous tiny satellite inclusion surround-
ing the central inclu ion, con tituting a three-dimen-
ional array which is clearly different from the
decrepitation cluster arrangement. This microstructure
can be seen during microscopic observation by chang-
ing the focu to different levels through the halo (see
fig 8 of Sterner & Bodnar, 1989; fig 3 of Vityk and
Bodnar, 1995). However, a small inclusion (few ,Llm)
array ob erved in Fig. 4a is different from their obser-
vations with respect to their configuration, and the host
rock has not followed the physical condition giving rise
to internal underpres ure for the inclusion. On the con-
trary, the microstructure of "decrepitation clu tel's" com-
pri e numerous small inclusions lying along two -dimen-
ional fracture planes which resulted from partial
decrepitation of parent inclusions under conditions of
internal overpressure. The observed inclu ion array is
not similar to this configuration because the correspon-
ding parent inclusion was not observed. Al 0, uch
large size (few tens of Jim) parent inclusions produc-
ing aggregates of tiny inclusions surrounding them has
never been observed in the deformed quartz. Moreover,
the confining pressure in the pre ent case i considered
to be much Ie than in the Sterner and Bodnar (1989)
ca e. Thus, the observed microstructure appears to be
formed by a different mechanism from those above, and
is con idered to have formed during recrystallization.
The fact that similarity of inclusion arrangement to
those in the deformed quartz and their extinction posi-
tion relationship to the host quartz leads to a imple
conclusion that the observed microstructure i "old
quartz inclusion" within the recrystallized quartz.
Figure 4 (b, c) show a characteristic feature of
coexistence of the deformed and the recry tallized
quartz. The dendritic -like arm portion, i.e. petaloid
portion (marked a N in Fig. 4b, c) has a relatively clear
appearance which how flash extinction, indicating it
a recrystallized quartz, while the three grains sur-
rounding the petaloid portion (marked as a in Fig. 4b,
c) include numerous small fluid inclusions arrayed in a
plane and show undulatory extinction, proving them to
be deformed quartz. The boundary between these quartz
grain is fairly harp and smoothly curved (Fig. 4c).
Some inclusions included in the deformed quartz are
dark in appearance and show rounded negative-crystal
shape.
The amount of the recrystallized quartz decrease
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Fig. 4 Unique texture of the quartz from intermedi-
ate samples (65 and 70 m). a) "Old quartz
inclusion" in the recrystallized quartz within
which small inclusions are arrayed along a
plane. Larger inclusion is also observed on
the boundary. b) Petaloid - shaped newly
recrystallized quartz showing flash extinction
(marked by N) surrounded by the three
deformed quartz grains showing undulose
extinction (marked by 0). c) Enlarged photo
of b), showing the clear grain boundary
between the recrystallized quartz and the
deformed quartz. Inclusion array can be seen
in the deformed quartz. Scale bar in a) and
c) is 100 ,urn, in b) is 200 ,urn.
a
c
o
Fig. 5 Low density fluid inclusions in the recrystal-
lized quartz near the contact. a) Negative
crystal- shaped low density fluid inclusion.
The edge of the polygon can be seen as a
bright line. b) Small inclusion with hexago-
nal symmetry. c) Negative crystal shaped low
density fluid inclusion with channel (hairline
sh2wn by arrow). Scale bar in all photos is
10 ,urn.
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Fig. 6 SEM images of opened low density fluid inclusion
in the recrystallized quartz near the contact. a)
Inclusion constituted by some flat planes and sharp
edge. b) Inclusion with hexagonal symmetry. c)
Bipyramidal negative crystal shaped inclusion.
Large plane corresponds to m plane of quartz. It
must be noticed that two depressions are observed
on the inclusion wall. Scale bar in all photos is
10 ,um.
with increasing distance from the contact. The recrys-
tallized and the deformed quartz are approximately
equal in amounts between 73.8 m and 93.0 m from the
contact. At 143 m away from the contact the recrys-
tallized quartz is very rare (Fig. 2g), and over 150 m
the granite is composed only of deformed quartz (Fig.
2h). Microstructural features of the quartz of each sam-
ple are summarized in Table 1. The mean diameter of
recrystallized quartz grains were measured by the linear
intercept method (Abrams, 1971; Thompson, 1972), and
corrected by Kelvin Polyhedra approximation
(Thompson, 1972). The relationship between the mean
diameter of a recrystallized grain of quartz and the dis-
tance from the contact is shown in Fig. 3, revealing that
the grain size of the recrystallized quartz gradually
decreases with increasing distance from the intrusive
contact.
Fluid inclusion in the recrystallized quartz
In the recrystallized quartz, fluid inclusions are
seen to be less. However, isolated, small- sized inclu-
sions (5 -20 ,um) are observed, which are dark in appear-
ance and probably include a gas phase or very little liq-
uid (hereafter called "low density fluid inclusion").
Such low density fluid inclusions are usually seen as
dark because of the light reflection on the inclusion wall
(Tomet and Frezzoti, 1993). The low density fluid
inclusion has negative crystal shape to rounded nega-
tive crystal shape (Fig. Sa), and sometimes shows
hexagonal symmetry (Fig. 5b). The edge of the polyg-
onal- shaped inclusion is identified as a bright line (Fig.
Sa, c). Detailed observations revealed that the mor-
phology of the low density fluid inclusion correlates to
the crystallographic orientation of the host quartz. It
could be seen that the long side of the low density fluid
inclusion is parallel to the c-axis of quartz. The low
density fluid inclusion can also be observed in the inter-
mediate samples (65, 70m; Fig. 4c). It is noticed that
a needle -like black hairline comes from the low den-
sity fluid inclusion (Fig. 5c, arrow). From their occur-
rence, this black hair line is not likely to be a crack but
is probably a channel.
SEM observations gave more detailed features of
the low density fluid inclusion. SEM (JEOL, JSM -T20)
at the Faculty of Science, Osaka City University was
used to investigate the low density fluid inclusion mor-
phology. Rock wafers cut from the granites near the
intrusive contact were polished by diamond paste, and
washed with dilute HCl solution in an ultra-sonic
washer in order to dissolve and exclude impurities
attached to their surfaces. They were then dried in an
oven, and coated with Ag or C.
Figure 6 (a - c) are back scattered images of the
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Fig. 7 Fractal dimensions of the quartz grain boundary
against distance from the intrusive contact. Black
circle represents raw data, white box represents
average of the analyzed data whose value is shown
at shoulder of each maker. Error bar takes all pos-
sible error propagation in measurements and cal-
culations into account.
cates that the recrystallization event occurred under
static conditions; no simultaneous plastic deformation
took place.
As well understood in metallurgy, recrystallization
of deformed material due to annealing is mainly driven
by strain energy stored during deformation. When a
deformed material is annealed at about half of its melt-
ing temperature, the recovery process occurs in which
numerous dislocations disappear as a result of their
interaction, and are finally rearranged to form a tilt
boundary. Thus, the domain surrounded by the tilt
boundary with less dislocation is formed in the host
deformed materials, and this is called the nuclei. This
new grain can be optically distinguished by the mis-
match of the lattice orientation i.e., different extinction
position. Such nucleation may occur preferentially in
high dislocation density areas in deformed material.
This process is called static recrystallization. Further
annealing causes these nuclei to grow, collide with each
other, and coalesce to form larger grains. As to
deformed quartz, Hobbs (1968) documented that recrys-
tallization occurs in this way in the presence of trace
amounts of water. In the present case, water is pre-
served in the deformed quartz as fluid inclusions.
Original deformed quartz in the mylonitized gran-
ite is considered to have been annealed due to the intru-
sion of Takamiyama acidic rock under static conditions.
In such a case, the thermal effect is distance -depend-
ent from the intrusive contact. In the near contact sam-
ples (0 m to 49 m), newly recrystallized quartz are in
contact with each other by smooth grain boundaries,
each grain having a polygonal shape, and frequently
opened inclusions in the recrystallized quartz. Their
size is several ,um to about ten ,um in length and their
morphology is near negative crystal shape of quartz, and
some show hexagonal symmetry. These backscatter
images clearly show that the inclusion is constituted by
some flat planes which may correspond to the host
quartz crystallographic orientations. The plane of rhom-
bohedron r{lOll} is recognized in the inclusion. Some
inclusions have the planes of hexagonal prism m{ 10lO}.
It is also noted that some depressions are observed on
the inclusion wall. Figure 6c reveals small depressions
(arrows) with radii of I ,um on the inclusion wall.
Characterization of quartz microstructure
by fractal dimension analysis
The shape of a grain boundary is primarily related
to grain growth mechanism as well as to physical and
chemical conditions. Therefore, quantification of grain
boundary shape can be used as a criteria to character-
ize growth condition and mechanism. Fractal analysis
is a most powerful tool to quantify naturally observed
complex patterns (e.g., Voss, 1988). The fractal dimen-
sion of the grain boundary of quartz that formed under
various geological conditions has been determined and
these values are suggested as geothermometer (Kruhl
and Nega, 1996) and strain rate meter (Takahashi et aI.,
1998).
Grain boundaries of the deformed and the recrys-
tallized quartz in the granite were characterized by frac-
tal dimension analysis. The box-counting method
(Voss, 1988) was applied here, and the results are plot-
ted with respect to the distance from the contact in Fig.
7. The fractal dimension of near contact quartz grains
(49 m) show 1.031, most far samples (228 m) are 1.112,
and the samples between them mark intermediate val-
ues. The high value of fractal dimension (~l.l0) rep-
resents the sutured grain boundary characteristic for the
deformed quartz. The quartz grain with higher fractal
dimension of 1.083 has the most serrated grain bound-
ary in the 49 m sample, which is the deformed quartz
grain very rarely observed in the sample. The variation
in values of intermediate samples reflect modification
of grain boundary shape due to annealing by the intru-
sion.
Discussions
Beginning of recrystallization
Absence of undulose extinction and/or subgrain
microstructures in the recrystallized quartz grain indi-
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deformed quartz (Fig. 9). This results evidently sug-
gest loss of water from original deformed quartz during
recrystallization and it is concluded that the predomi-
nant form of HCS has been changed from molecular
water aggregate in the deformed quartz to structural OH
in the recrystallized quartz.
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forming triple junctions with equilibrium angles. These
microstructural features indicate that nucleation and
growth process occurred and developed to complete nor-
mal grain growth process. Disappearance of fluid inclu-
sions in the core of the recrystallized quartz grain is
observed in 65 m and 70 m samples (Fig. 4b and c),
suggesting condensation of inclusion contents on the
migrating boundary, that is, fluid gathering into the
grain boundary (c.f. Wilkins and Barkas, 1978). This
process finally leads to coalescence of inclusions to
form larger ones along grain boundaries (Wilkins and
Barkas, 1978, their figure 6, and figure 4a in this study).
The progress of recrystallization was moderate in the
intermediate samples; grain boundary migration sweeps
old deformed quartz, gathering the fluid content, result-
ing in the microstructure of old quartz inclusions (Fig.
4a, b, c).
These microstructures above all are evidence for
primary recrystallization in deformed rocks in which
grain boundary migration is the characteristic process
which is driven by the stored strain energy.
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Fig. 9 Water contents of the quartz with distance from the
intrusive contact. Rc-clear: visible inclusion-free
portion of recrystallized quartz grain, Dfm:
deformed quartz grain, Rc-G.B.&F.I.: recrystal-
lized quartz but grain boundary or visible inclusion
included in measured area.
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Fig. 8 Low temperature (- 1960 C) 1R spectra of the natu-
rally deformed quartz of 0.35 mm thickness (mid-
dle spectrum) and the recrystallized quartz of 0.38
mm thickness (bottom spectrum), and of the recrys-
tallized quartz with low density fluid inclusions,
-0.3 mm thick (top spectrum).
Hydrogen - related chemical species
Optical observation shows that the low density
fluid inclusion does not contain any recognizable fluid
phase. Infrared analysis was performed to identify
hydrogen -related chemical species (HCS) incorporated
in the quartz. Figure 8 shows low temperature infrared
spectra both of the deformed and recrystallized quartz.
Typical infrared spectrum of the recrystallized quartz
shows sharp bands at 3484, 3380cm -I, and 3596cm- 1
characteristic for the recrystallized quartz, in addition to
a broad band centered at around 3200cm- 1 due to frozen
molecular water aggregates existing in the fluid inclu-
sion (Fig. 8 bottom). However, the quartz with low den-
sity fluid inclusions accompanies a small broad band at
3700cm- 1 (Fig. 8 top), the intensity of the band being
proportional to the amounts of low density fluid inclu-
sion. These FTIR analyses indicate that the low den-
sity fluid inclusions contain small amounts of HCS
existing in some form, which give rise to the broad band
around 3700cm -1. Its form may be as an aggregate of
water molecules or a hydroxyl group attached to an
inclusion wall surface (e.g., Thiel et al. 1957; Parks,
1984; Hurai and Horn, 1992). On the contrary, the
deformed quartz does not show any strong sharp band
except for 3380cm- 1 (Fig. 8 middle). Thus the domi-
nant form of HCS is different between the deformed and
recrystallized quartz.
Water contents of the recrystallized quartz are
much lower (-thousand ppm of water) than those of the
98 Static recrystallization of the deformed quartz in the grantite
Low density fluid inclusion formation
Fluid inclusions are principally major imperfections
and may act as sources for dislocation multiplication.
H20 leakage by means of dislocations has been sug-
gested by Hollister et al. (1990), and also experimen-
tally verified (e.g., Hollister et aI., 1990; Bakker and
Jansen, 1990, 1991, 1994; Hall and Sterner, 1993; Vityk
et aI., 2000). When a fluid inclusion suffers from inter-
nal pressures exceeding the confining pressure (e.g., by
heating), the effective pressure may cause the inclusion
walls to deform in a brittle and/or ductile manner
(Bakker and Jansen, 1994). Thus, dislocations are pro-
duced by plastic deformation, which is attributed to
hydrolytic weakening of quartz around fluid inclusions
owing to diffusion of water into the quartz matrix (Vityk
et aI., 2000). In the present case, confining pressure
applied to the host rock was probably not so high that
internal pressure of the fluid inclusions could overcome
the confining pressure easily. These conditions cause
high pressure at the fluid inclusion wall to promote plas-
tic deformation around the inclusion, resulting in leak-
age of H20 from the inclusions by means of disloca-
tions produced. This process probably occurs around
peak temperature conditions. Observed small depres-
sions on the wall of the negative-crystal shaped low
density inclusion is considered as evidence supporting
this view. After such H20 leakage, shape modification
of the inclusion would follow.
A low density fluid inclusion in the recrystallized
quartz near the contact is negative crystal shaped. The
equilibrium shape of an inclusion in a crystal depends
upon the variation of surface energy associated with sur-
face curvature and surface orientation (Gratier &
Jenatton, 1984). An inclusion in thermal equilibrium
should have flat surfaces of low surface energy con-
nected by smoothly rounded, or sharp, edges, and cor-
ners, depending upon the variation in surface energy.
To approach equilibrium during heating, the inclusion
will change its shape, so as to increase its surface
energy, which is achieved by developing the high
energy plane between adjacent low energy planes (e.g.,
rounding the inclusion corners). On the other hand, a
decrease in internal pressure (e.g., by leakage of fluid)
leads to a change of shape to provide the lowest possi-
ble surface energy, tending to a negative crystallo-
graphic shape. With respect to initially squat inclusions,
this rounding of angles seems to appear with high inter-
nal pressure, while sharp corners developed at low
internal pressures resulting in angular shapes. In the
present study, the corners of the inclusions are fairly
sharp, as shown by SEM observations. It can be con-
sidered that around peak conditions, leakage of water
from the fluid inclusion leads to reduction in fluid pres-
sure, and the inclusion then approaches to equilibrium
shape (negative crystal shape with sharp edge). Cooling
to atmospheric conditions results in their dark appear-
ance.
Conclusions
The recrystallization process that occurred in the
study area can be stated as follows (Fig. 10): Original
deformed quartz grains, which have sutured grain
boundaries characterized by high fractal dimension of
1.112 (Fig. lOa), were annealed by the thermal effect of
the intrusion of Takamiyama acidic rock. Nucleation
and growth of newly recrystallized quartz grains with
less dislocation density occurred (Fig. lOb). When a
migrating grain boundary intersected with fluid inclu-
sions (Fig. lOc), a part of the fluid in the inclusions
leaked out along the grain boundary, promoting grain
boundary movement. During this process, the residual
fluid gathers on the grain boundary to form larger fluid
inclusions (e.g., Fig. 4a) and is finally trapped in the
recrystallized quartz as an isolated fluid inclusion (Fig.
10d, e). Simultaneously, the HCS was trapped as a
hydrogen point defect such as AlOH in the recrystal-
lized quartz structure. These hydrogen point defects
give rise to sharp absorption bands (i .e. 3596cm-l
band) characteristic for the recrystallized quartz.
Further annealing around peak conditions (i.e., near con-
tact) results in internal overpressure of the fluid in the
fluid inclusion, which, in turn, causes local lattice defor-
mation around the fluid inclusion to form channels or
dislocations on its wall. Thus, fluid in the inclusions
leaked out through the channels or dislocations, result-
ing in the formation of low density fluid inclusions. The
recrystallized quartz impinge on each other to form
equilibrium grain boundary microstructures (Fig. 10f),
characterized by straight or smooth grain boundaries
with fractal dimensions of 1.03.
At intermediate distances from the contact, devel-
opment of recrystallization is moderate. The tempera-
ture reaches its maximum and decreases before matured
grain growth, resulting in locally developed recrystal-
lization microstructure, such as new recrystallized
quartz grains surrounding the deformed quartz, old
quartz inclusions, and petaloid microstructures. The
quartz swept by a migrating grain boundary is strain-
and inclusion -free (Fig. 109).
aNaoyuki NIIMI
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f
Near intrusive contact
Fig. 10 Schematic illustration representing total recrystallization of the deformed quartz in the granite involving formation
of old quartz inclusion and low density fluid inclusion. (a) After deformation, original naturally deformed quartz
with undulatory extinction, and water preserved in fluid inclusions. (b) Nucleation and growth of newly recrys-
tallized quartz with low dislocation density. (c) Growth of the new grain which intersects with fluid inclusions.
(d) Collision of new grains. (e) Extensive recrystallization of quartz before peak condition. Larger fluid inclu-
sions are trapped in the recrystallized quartz. (f) Around peak condition, recrystallized grain approaches to equ i-
librium shape. Fluid leaked out through channels and dislocations formed by plastic deformation around the inclu-
sion, resulting in the formation of low density fluid inclusion. (g) Moderately recrystallized quartz texture of "Old
quartz inclusion" formation by grain boundary migration as observed in the intermediate samples.
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